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Receptor-mediated substrate translocation through the nuclear 
pore complex without nucleotide triphosphate hydrolysis 
Ludwig Englmeier, Jean-Christophe Olivo and lain W. Mattaj 
Background: The transport of macromolecules between the nucleus and 
cytoplasm is an energy-dependent process. Substrates are translocated across 
the nuclear envelope through nuclear pore complexes (NPCs). Translocation 
requires nucleocytoplasmio transport receptors of the importin ~ family, which 
interact both with the NPC and, either directly or via an adaptor, with the 
transport substrate. Although certain receptors have recently been shown to 
cross the NPC in an energy-independent manner, translocation of 
substrate-receptor complexes through the NPC has generally been regarded 
as an energy-requiring step. 
Results: We describe an in vitro system that is based on permeabilised cells 
and supports nuclear export mediated by leucine-rich nuclear export signals. In 
this system, export is dependent on exogenous CRM 1/Exportin 1 - a nuclear 
export receptor - the GTPase Ran and nucleotide triphosphates (NTPs), and is 
further stimulated by Ran-binding protein 1 (RanBP1) and nuclear transport 
factor 2 (NTF2). Unexpectedly, non-hydrolysable NTP analogues completely 
satisfy the NTP requirements for a single-round of CRM1 -mediated 
translocation of protein substrates across the NPC. Similarly, single transportin- 
mediated nuclear protein import events are shown not to require hydrolysable 
NTPs and to occur in the absence of the Ran GTPase. 
Conclusions: Our data show that, contrary to expectation and prior conclusions, 
the translocation of substrate-receptor complexes across the NPC in either 
direction occurs in the absence of NTP hydrolysis and is thus energy independent. 
The energy needed to drive substrate transport against a concentration gradient is 
supplied at the step of receptor recycling in the cytoplasm. 
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Background 
In recent years, we have seen an cnormous increase in our  
mechanistic understanding of the nucleocytoplasmic trans- 
port of macromolecules. This advance was precipitated by 
the biochemical [1,2] and molecular [3] characterisation f 
importin ~, which recognises and binds directly to a partic- 
ular class of short basic peptides that function as nuclear 
localisation signals (NLSs) [3-10]. Importin o~ acts as an 
adaptor to enable the formation of an import complex con- 
sisting of importin ~, the NLS-containing protein and the 
import receptor, importin 13 [11-14]. Importin 13 interacts 
with nucleoporins, components of the nuclear pore 
complex (NPC). As a result of these interactions, the 
import complex is translocated through the NPC [8,15]. 
Importin 13 is the prototype of a family of nucleocytoplas- 
mic transport receptors [16,17] that function together with 
the GTPasc Ran [18-23]. One critical function of Ran is to 
control the assembly and disassembly of transport com- 
plexes. Ran in its GTP-bound form (RanGTP) binds to 
import receptors and causes the dissociation of adaptors 
and signal-bearing cargo molecules from the receptors 
[21,24-29]. In contrast, interaction between RanGTP and 
export receptors is required to permit their binding to 
export substrates [20,22,30]. The significance of this 
behaviour of Ran for nucleocytoplasmic transport is 
dependent on the asymmetric distribution of Ran's regu- 
lators, RCC1, RanBPl and RanGAP1. Their activities are 
thought o result in cytoplasmic Ran being largely in the 
GDP-bound form (RanGDP) and nuclear Ran being in 
the GTP-bound form [31-38]. Disturbing the asymmetric 
distribution of RanGTP and RanGDP inhibits almost all 
nucleocytoplasmic transport [21,23,39~45]. One additional 
soluble transport factor, p l0/NTF2 [46-48], facilitates the 
movement of RanGDP into the nucleus [49]. All of the 
above facets of nucleocytoplasmic transport have been 
recently reviewed [50-57]. 
A poorly understood aspect of nucleocytoplasmic transport 
is translocation through the NPC [56]. It is generally 
believed that translocation i volves several separate, con- 
secutive interactions between transport complexes and 
different sites on the NPC [58-62]. These interactions 
involve the importin 13 receptor family [8,14,15,63,64], and 
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evidence for different classes of importin [3 binding sites 
on the NPC has been obtaincd [65]. What drives the 
directional movement of receptors between these differ- 
ent NPC sites is not understood. 
Import and export receptors move through the NPC in 
both directions. Their interaction with RanGTP in the 
nucleus means that receptors travelling in the outward 
direction are likely to be in a different, RanGTP-induced 
conformation than receptors during inward movement. 
Thus, different interactions with the NPC may be 
involved in outward and inward translocation. Early work 
divided nuclear import into two stages, an energy-inde- 
pendent NPC docking step and an energy-dependent 
translocation step [59,60]. Receptor-mediated transloca- 
tion does not occur either in vivo or in vitro at 4°C or after 
energy depletion [66-69]. Experiments using either non- 
hydrolysable GTP analogues or mutants of Ran that do 
not support G'FP hydrolysis [18,19,21,28,44,70,71] have 
been interpreted to suggest hat GTP hydrolysis by Ran 
may provide part, or even all [71], of the energy required 
for translocation through the NPC, although other inter- 
pretations of these studies are possible. Because RanGTP 
dissociates import complexes, the creation of stable cyto- 
plasmic RanGTP by supplementing reactions either with 
non-hydrolysing Ran mutants or with non-hydrolysable 
GTP analogues will inhibit import. 
Studies with two import receptors, transportin and 
importin [~, in the absence of either transport substrates or 
interaction with Ran, have shown that the translocation of 
empty receptors may not require GTP hydrolysis by Ran 
[72,73]. The import of substrate-receptor c mplexes in 
both cases required energy [72,74], however, suggesting 
that the mechanisms by which empty receptors and 
receptor-substrate complexes translocate hrough the NPC 
are not identical. Two different studies of nuclear export 
reached the conclusion that translocation of at least some 
substrate-receptor c mplexes through the NPC did not 
appear to require GTP hydrolysis by Ran [21,23], and it 
was suggested that an alternative nucleotide triphosphate 
(NTP) hydrolysis activity would power the translocation 
stcp. Recently, several in vitro systems that support the 
nuclear export of either RNA [75] or protein [22,76] sub- 
strates have been established. Utilising an established 
import assay [77] and a novel export assay, we demonstrate 
that single rounds of substrate xport, mediated by the 
nuclear export receptor CRM1, and of transportin-medi- 
ated substrate import, do not require NTP hydrolysis. 
Resu l ts  
In order to study in vitro export dependent on a nuclear 
export signal (NES), it was essential to create a substrate 
that would be able to shuttle into and out of the nucleus. 
A fusion protein was therefore constructed that consists of 
the nucleoplasmin core domain (Nplc), the M9 domain of 
hnRNP A1 and the Rev NES (Figure la). The nucleo- 
plasmin core domain neither enters nor leaves the nucleus 
and forms pentamers [4], ensuring that the fusion protein 
would be too large to diffuse through NPCs. The M9 
domain of hnRNP A1 is a nuclear import signal that is 
recognised by transportin [74,78-80]. Although the M9 
domain can also act as a nuclear export signal in intact 
cells [68], we found no evidence that it can do so at a sig- 
nificant rate in permeabilised cells. Finally, the Rev NES 
is a well-characterised unidirectional nuclear export signal 
[81,82] that is recognised by CRM1/Exportinl [20,83,84]. 
To examine the behaviour of the Nplc-M9-NES fusion 
protein, we compared its localisation to that of an 
Nplc-M9-M10 fusion protein, in which the functional 
NES was replaced by the inactive M10 mutant version 
[85]. When added to permeabilised HeLa cells together 
with Xevopus egg extract, which was used as a source of 
Figure 1 
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Construction of a shuttling substrate. (a) Schematic representation of 
the fusion proteins. The nucleoplasmin core domain (Nplc) serves as a 
transport-inert pentamerisation module while the M9 domain is a 
nuclear import signal recognised by transportin. The nuclear export 
signal (NES) is that of HIV-1 Rev and an export-deficient mutant 
peptide (M1 O) acts as control. (b-e) The Iocalisation of the shuttling 
protein Nplc-M9-NES (b,c) was compared with that of the export- 
deficient control Nplc-M9-M10 (cl,e). Both proteins were labelled with 
fluorescein NHS ester. Transport was for 15 rain at 20°0 in the 
presence of an energy-regenerating system and Xenopus egg extract, 
used as a source of transport factors. In (c,e), protein export was 
inhibited by 1 O0 nM leptomycin B (LMB). 
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CRM1 functions in the export of leucine-rich NESs in vitro. Nuclear 
import of Nplc-M9-NES (a-f) and Npio-M9-M10 (g,h) was allowed 
for 15 min at 20°C in the presence of an energy-regenerating system, 
30 nM zz-transportin and the Ran mix. After 15 min, the reaction was 
split and one aliquot was fixed immediately (a). To the remaining 
reactions either (b,g) buffer, (c) 2 pM CAS, (d,f,h) 2 btM CRM1 or 
(e) 2 pM CRM1 with 2.5 pM LMB were added and incubation 
continued for 20 rain before fixation. In (f), conditions were as in (d), 
but incubation after CRM1 addition was on ice; (f) is from a different 
experiment than (a-e,g,h). 
transport factors [70,77], the NES fusion protein (labelled 
with fluorescein) accumulated to a low level inside the 
nuclei. Nuclear rim staining was also observed, indicative 
of association with NPCs (Figure lb). In contrast, the M10 
mutant fusion protein showed a strong nucleoplasmic accu- 
mulation (Figure ld). Leptomycin B is an inhibitor of NES 
binding to CRM1/Exportin 1, the NES export receptor 
[20,83,86]. Addition of leptomycin B had no effect on the 
distribution of the M10 fusion protein (Figure le). In con- 
trast, leptomycin B caused the wild-type fusion protein to 
accumulate strongly in the nuclei, to an extent equivalent 
to the M10 mutant fusion (Figure lc,d). Taken together, 
these data indicate that the Nplc-M9-NES fusion protein 
can indeed shuttle between the nucleus and cytoplasm of 
permeabilised HeLa cells, and suggest hat NES-depen- 
dent export in vitro is mediated by CRM1/Exportin 1. 
Protein requirements for NES-dependent export 
In order to examine the requirements for NES-dependent 
export iv vitro, Xevopus egg extract was replaced with 
defined mixtures of recombinant transport factors. Import 
was achieved by utilising transportin together with a 'Ran 
mix' (RanGDP, RanBPl, RanGAP (Rnal) and NTF2), 
GTP and an energy-regenerating system. After import of 
the fusion protein (Figure 2a), the reaction was supp- 
lemented with either buffer (Figure 2b), or the importin o~ 
export receptor CAS (Figure 2c, [22]), or recombinant 
ClRM1/Exportinl (Figure 2d). The addition of 
CRM1/Exportinl resulted in export of the NES-contain- 
ing fusion protein but not of the M10 mutant fusion 
protein (Figure 2d,g,h), confirming previous reports that 
identified CRM1 as the NES receptor. CRMl-dependent 
export was inhibited by leptomycin B or by cooling the 
permeabilised cells to 4°C (Figure 2e,f). 
To further dissect he requirements for export, it was nec- 
essary to separate the import and export steps of the reac- 
tion. To do this, transportin-mediated import was carried 
out in the presence of GTP and an energy-regenerating 
system, but without the addition of the Ran mix (see 
below). The permeabilised cells were allowed to settle 
during the import step, allowing removal of the super- 
natant which contained the bulk of the import receptor 
and exchange of the transport buffer after the import step. 
Resuspcnsion of the permeabilised cells in buffer plus 
G'FP and an energy-regenerating system did not allow 
export (data not shown). The addition of CRM1, 
RanGDP or of the complete Ran mix individually was not 
sufficient for detectable xport (Figure 3a-d). Significant 
export was achieved by adding both CRM1 and 
RanGDP, however (Figure 3e). In this case, a strong 
nuclear rim staining was observed, although export had 
also occurred to a significant extent (Figure 3h). Never- 
theless, a considerable fraction of the export complexes 
that formed remained associated with NPCs. Note that in 
all cases the rim staining was included in the nuclear 
signal when export was quantified. The rim staining was 
reduced by adding Ran with either RanBPl or NTF2 
separately, with both together, or with the mixture con- 
taining RanBP1, NTF2 and RanGAP (Figure 3f, g; quan- 
tified in Figure 3h). When either RanBPl or NTF2 was 
added together with Ran, each had an incremental effect 
on reduction of the rim staining (Figure 3h). Although the 
mechanism by which NTF2 has its effect is uncertain, it 
is likely that RanBPl functions by allowing disassembly 
of the export complexes or their dissociation from the 
cytoplasmic face of the NPC [22,37,87]. There was no 
significant effect of adding RanGAP to either CRM1 plus 
Ran or to mixtures containing RanBPl or NTF2 
(Figure 3h) These results suggest that the efficient 
export of NES-containing substrates requires CRM1 
together with Ran, RanBPl and NTF2. CRM1 and Ran 
together allow assembly of the export complexes and 
their association with NPCs. Because RanGTP is 
required for export complex assembly and we supple- 
mented the reactions with RanGDP, the data also 
demonstrate that GDP/GTP exchange on Ran, presum- 
ably mediated by RCC1 [32], occurs in these conditions. 
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Figure 3 
Protein requirements of CRM1-mediated nuclear export. (a-g) Images 
of selected conditions. Import of the shuttling protein Nplc-M9-NES 
was allowed for 15 min at 20°C in the presence of 120 nM 
zz-transportin and an energy-regenerating system. During the import 
step the permeabilised cells were allowed to settle; 90% of the total 
volume was then removed and the cells resuspended in transport 
buffer in the presence of an energy-regenerating system, One aliquot 
was fixed immediately (a), the remaining reaction was split and either 
2 pM CRM1 (b), 2 pM RanGDP (c), the Ran mix (d), or 2 p.M CRM1 
together with 2 pM RanGDP (e), 2 #M RanGDP plus RanBP1 and 
NTF2 (f), or the Ran mix (g) were added. Incubation continued for 
20 min before fixation. (h) Quantitation of export in experiments in 
which CRM1 and components of the Ran mix were added separately 
or in the indicated combinations. Export in the presence of the 
complete mixture is designated as 100%. (The actual decrease in the 
fluorescence signal in complete reactions was 60-65O/o in repeated 
experiments.) Nucleoplasmic and nuclear periphery signals were 
summed to produce the total nuclear signal. For Ran, the Ran mix, 
CRM1 alone and CRM1 plus RanGAP, the results of two independent 
experiments were quantified; for the other mixtures, four independent 
experiments were quantified. (i) Depletion of Ran and CRM1 during 
permeabilisation. Equal numbers of HeLa cells, before or after 
permeabilisation with digitonin, were disrupted, fractionated by 
SDS-PAGE, blotted onto Immobilon P and simultaneously probed 
with anti-p62 antibodies and either anti-Ran antibodies or anti-CRM1 
antibodies. From this and similar experiments, Ran was estimated to be 
more than 97% depleted during permeabilisation; CRM1 depletion 
was about 85-90O/o. 
(a) 
i 
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The requirement for exogenous Ran and CRM1 for 
export suggests that these proteins werc efficiently 
released on cell permeabilisation. To examine the extent 
of depletion, western blot analysis was carried out. Anti- 
bodies against he nucleoporin p62 were used as a loading 
control, and compared to this control, Ran was depleted 
by more than 97% and CRM1 by 85-90% (Figure 3i). The 
small amounts of the proteins remaining were clearly 
insufficient o support export of the NES-containing sub- 
strate protein (Figure 3a). 
NTP requirements for NES-dependent export 
Experiments iv vivo have suggested that NES-dcpendent 
export requires RanGTP but not GTP hydrolysis by Ran 
[21,23]. These conclusions were achieved by making use 
of the RanQ69L mutant, which is incapable of GTP 
hydrolysis [35], but the conclusions are somewhat 
compromised by the continued presence of wild-type Ran 
in the cells being studied. In addition, in vivo analysis does 
not allow examination of the contribution of other 
nucleotide hydrolytic activities to export. The in vitro 
system described here is well suited to allowing more 
insight into the NTP  hydrolysis requirements for export. 
Recent studies of CRMl-dependent export in vitro in the 
presence of complex cellular extracts provided evidence 
both for and against a role of GTP hydrolysis by Ran [76]. 
To determine the level of GTP remaining after perm- 
eabilisation, two approaches were used. First, nucleotides 
were extracted from intact or permeabilised cells, sepa- 
rated by high performance liquid chromatography and 
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dctccted by fluorescence measurement. By this method, 
the levels of ATP or GTP remaining in the permeabilised 
cells were below the detection limit and, for GTP, this 
meant that maximally 5% of the cellular GTP remained 
(5-25 btM) [88] (F.R. Bischoff and L.E., unpublished 
observations). To overcome this lack of sensitivity, 
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0.25 pmol [c~-32PJGTP was added to the cells and its con- 
version to GDP, GMP and inorganic phosphate was moni- 
tored either in the presence or the absence of added 
hexokinasc and glucose (Figure 4a). Less than 2% of the 
added GTP remained intact after a 15 minute incubation, 
independent of the presence of hexokinase and glucose 
(Figure 4a). Thus, the maximal quantity of intact GTP 
remaining in the permeabilised cells at the start of our 
export experiments was 0.1-0.5 btM. Even when 40 btM 
non-radioactive GTP was added together with the 
labelled GTP, 80% of the added GTP was rapidly con- 
verted to GDP or GMP in the absence of added hexoki- 
nase and glucose, and in thcir presence more than 98% of 
the GTP was hydrolysed (Figure 4a). 
In the following experiments, import was carried out in 
slightly different conditions. Transportin plus the Ran mix 
were used but without the addition of either an energy- 
regenerating system or NTPs. Significant import could be 
achieved under these conditions providing that transportin 
was added in sufficient concentration (Figure 4b). After 
the import step, the cells were allowed to settle, the super- 
natant was removed and the cells were resuspended in
buffer containing the Ran mix plus CRM1; no detectable 
export was observed (Figure 4b). But the addition of GTP 
plus an energy-regenerating system permitted export 
(Figure 4c). When either ATP or GTP was added singly, 
export also occurred (Figure 4d,g). Substitution of GTP by 
the non-hydrolysable analogue GMPPNP permitted 
export, although with slightly increased rim staining 
(Figure 4i), but AMPPNP could not substitute for ATP 
(Figure 4f). This indicated either that ATP hydrolysis was 
required for NES-dependent export or, alternatively, that 
GTP was required for export and that ATP was being uscd 
to generate GTP via phosphotransfer rom ATP to GDP. 
To distinguish between these possibilities, ATP was 
added together with a 10-fold excess of ADP. The added 
ADP acts as a 'sink' so that phosphotransfer from ATP is 
diverted mainly to ADP instead of GDP. This treatment 
prevented export restoration by ATP but not by GTP 
(Figure 4e,h). These results suggested that GTP, but not 
GTP hydrolysis, was required for NES-dcpendent export. 
The addition of RanGDP together with GMPPNP was 
sufficient to allow export complexes to form and be 
exported (Figurc 4i), presumably because the endogenous 
RCC1 protein allowed formation of RanGMPPNP in the 
nucleus. When the concentration of GTP or GMPPNP 
added was reduced, export activity decreased in parallel 
for both nucleotides, indicating that the effect of 
GMPPNP could not be ascribed to it being in large excess 
and being hydrolysed inefficiently (data not shown). 
Thesc results suggested that NES-depcndent cxport 
might proceed in the complete absence of NTP hydrolysis, 
so more stringent tests of the requirement for NTP hydrol- 
ysis were devised. Combinations of non-hydrolysablc 
NTPs were used together with GDP-loaded RanQ69L. In 
addition to supplementing the reactions with GTP, 
GTPTS or GMPPNP, combinations of non-hydrolysablc 
GTP and ATP analogues were used to block possible ahcr- 
native routes of GTP production by phosphotransfer 
Figure 4 
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GTP GTP+ADP GMPPNP 
Nucleotide requirement for CRM1 -mediated 
export. (a) GTP is rapidly hydrolysed in 
permeabilised cells. The 0.25 pmol 
[o~-32p]GTP was added to permeabilised cells 
either without, or with, additional unlabelled 
GTP, as indicated. GTP hydrolysis was 
assayed either in the absence, or the 
presence, of an energy-depleting system, as 
indicated. Incubations were for 15 min at 20°C 
and further analysis was by thin-layer 
chromatography. (b-i) Import of 
Nplc-M9-NES was allowed for 15 min at 
20°0 in the presence of 120 nM zz-transportin 
and the Ran mix, but without added 
nucleotides. The permeabilised cells were 
allowed to settle, the supernatant was 
removed and the cells were resuspended in 
transport buffer with the Ran mix and 2 #M 
CRM1. The reaction was split and either 
(b) buffer, (c) an energy-regenerating system, 
(d) 200 gM ATP, (e) 200 pM ATP plus 2 mM 
ADP, (f) 200 #M AMPPNP, (g) 200 pM GTP, 
(h) 200 pM GTP plus 2 mM ADP or (i) 200 #M 
GMPPNP was added. Incubation continued 
for 20 min before fixation. 
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(Figure 5a-i). RanO69L in the GTP-bound state is an effi- 
cient inhibitor of transportin-mediated nuclear import 
[21,28], but the addition of GDP-loaded RanO69L during 
import allowed uptake of the Nplc-Mg-NES substrate 
(Figure 5a). These cells were allowed to settle, import 
buffer was removed and the cells were resuspended in 
transport buffer with CRM1 and the RanO69LGDP-con- 
taining Ran mix in the absence of NTPs. Under these con- 
ditions, no export was seen (Figure 5a,b), Efficient 
CRMl-mediated export from the RanO69L-containing 
nuclei could be observed, however, after the addition of 
either GTP (Figure 5c), GTPyS (Figure 5d), GMPPNP 
(Figure 5g) or combinations of non-hydrolysablc GTP and 
ATP analogues (Figure 5e,f,h,i). As summarised in 
Figure 5j, the behaviour of wild-type Ran was very similar 
to that of RanO69b under all the conditions tested. These 
results confirm that Ran-mediated GTP hydrolysis is not a 
requirement for CRMl-dependent nuclear export. In addi- 
tion, they provide strong support for the conclusion that 
A'FP and GTP hydrolysis per se are dispensable for this 
form of nucleocytoplasmic transport. 
Nuclear import in the absence of hydrolysable NTPs 
The above data on CRMl-mediated export and the fact 
that we observed import of the M9-containing substrate in 
permeabilised cells supplemented with RanQ69LGDP 
suggested that transportin-mediated nuclear import, as 
well as nuclear export, might occur without NTP hydroly- 
sis. Previous work on this topic has suggested that import 
receptors might bc imported without Ran-mediated GTP 
hydrolysis [72,73] but that import of receptor-substrate 
complexes requires NTP hydrolysis by either Ran or an 
alternative hydrolytic enzyme [72,74]. Transportin-medi- 
atcd import was therefore studied under conditions imilar 
to those used in the experiments with CRM1/Exportinl 
described above. Because the translocation step of import 
was of interest, and not the RanGTP-hydrolysis-depen- 
dent recycling of transportin, the experiments were 
carried out at a transportin concentration (500 nM) that 
was nearly equimolar to the substrate concentration. 
Under these conditions, efficient transportin-mediated 
import was seen without the addition of exogenous Ran, 
GTP or ATP (Figure 6a). This import was not affected by 
the addition of RanGDP or RanQ69LGDP (Figure 6b,d) 
and was partially inhibited by the co-addition of 
RanQ69LGDP plus GTP (Figure 6c,e). It was important 
to determine whethcr the import sccn was efficient, and 
to this end the initial rate of import was measured in the 
presence and abscncc of RanGDP and GTP. No signifi- 
cant difference in rate was observed (Figure 6f-o). 
The data in Figure 6 suggested that transportin-mediatcd 
NPG translocation might be independent both of Ran and 
of GTP hydrolysis. To investigate these possibilities 
further, the following experiments were undertaken. First, 
import was examined after the addition of transportin and 
Figure 5 
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Protein export in the presence of wild-type or mutant Ran and 
nonhydrolysable nucleotide analogues. (a-i) Export in the presence of 
RanQ69L. Import of the Nplc-M9-NES protein was allowed for 
15 rain at 20°C as in Figure 4, but with GDP-Ioaded RanQ69L instead 
of wild-type Ran. Settled cells were resuspended in transport buffer 
with the RanQ69L mix plus 2 btM GRM1. The reaction was split, one 
sample was fixed immediately (a) and the remaining samples were 
incubated for 20 min in the presence of 200 btM of the indicated 
nucleotides (c-i), or with buffer only (b), before fixation. (j) Export in 
the presence of wild-type Ran. Quantitation of experiments identical to 
those shown in (a-i), with the exception that GDP-leaded wild-type 
Ran was used in place of RanQ69L. Nucleotide triphosphates and 
analogues were added as indicated. Export in the presence of an 
energy-regenerating system (GTP + ATP) is designated as 100%. 
substrate ither immediately, or after a 15 minute preincu- 
bation period (Figure 7a-c). No effect of the preincubation 
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Figure 6 Figure 7 
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Ran is not required for transportin-mediated import. (a-e) Import of 
Nplc-M9-M10 was allowed for 15 rain at 20°C in the presence of 
500 nM zz-transportin. Either 2 ttM RanGDP (b,c) or 2 btM 
RanQ69LGDP (d,e) was added either without (b,d) or with (c,e) 1 mM 
GTP. (f-o) Kinetics of transportin-mediated import. Permeabilised cells 
were preincubated for 15 min at 20*0. Transport reactions were started 
by the addition of import substrate and 500 nM transportin and stopped 
at the indicated time points, shown in min. Transport was either without 
(f-j) or with (k-o) the addition of 2 luM RanGDP and 1 mM GTP. 
was seen. Next, non-hydrolysable analogues either of GTP 
or of both GTP and ATP were added during the preincu- 
bation period. Even in the presence of these analogues at 
1 mM, which is a large excess over the maximal possible 
levels of GTP or ATP in the permeabilised cells (see 
above), efficient transportin-mediated import was seen 
(Figure 7d-f). Identical results were obtained when hex- 
okinase and glucose were included during preincubation 
i in the presence of 
Buffer Buffer 
GMPPNP GM PPNP+ATPyS GMPPNP+AMPPNP 
RanGDP 
(i) 
i 
¢ 
RanGDP+GTP RanGDP+GMPPNP 
(k) 
: 
RanQ69LGDP RanQ69LG DP+GTP 
15 min preincubation in the presence of hexokinase+glucose and 
(n) 
Buffer RanGDP RanGDP+ 
Current Biology RanQ69LG DP RanQ69LG DP+GTP 
Nucleotide requirement of transportin-mediated import. Import of 
Nplc-M9-M10 was allowed for 15 min at 20°0. Transport reactions 
were started either at (a) time zero or (b-p) after a 15 min 
preincubation by the addition of either (b) import substrate alone or 
(a,c-p) import substrate together with 500 nM transportin. The 15 min 
preincubation at 20°0 was carried out in the presence of the 
nucleotides and proteins indicated at the bottom of each panel. 
Nucleotides were used at a concentration of 1 mM; RanGDP and 
RanQ69LGDP were used at 2 pM. In (I-p), hexokinase and glucose 
were added during the preincubation period. 
(Figure 71 and data not shown). These results strongly 
support he view that hydrolysis of neither GTP nor ATP 
is required for transportin-mediated import of an M9-con- 
raining substrate protein. 
The reason for the inhibition of transport seen on the addi- 
tion of RanQ69LGDP plus GTP (Figure 6) was next 
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examined. On the basis of previous work [21,28], it 
seemed probable that the inhibition was due to RCC1- 
catalysed production of RanQ69LGTP followed by its 
export to the cytoplasm. Cytoplasmic RanQ69LGTP is an 
inhibitor of transportin-mediated import. Consistent with 
this possibility, the addition of either RanGDP plus 
GMPPNP or RanQ69LGDP plus GTP during the prein- 
cubation period resulted in a complete inhibition of trans- 
portin-mediated import (Figure 7i,k), whereas the addition 
of either RanGDP, RanQ69LGDP or RanGDP plus Gq'P 
was without effect (Figure 7g,h,j). With one exception, 
these results were not affected by the inclusion of hexoki- 
nase plus glucose in the preincubation period 
(Figure 71-p). The exception was that this treatment 
greatly reduced the inhibition due to RanQ69LGDP plus 
GTP (Figure 7p), presumably by causing GTP hydrolysis 
(Figure 4a) and thereby preventing formation of 
RanQ69LGTP. Note that these results further support he 
conclusion that Ran and GTP are not required for trans- 
portin-mediated import because, if there were endogenous 
GTP in the permeabilised cells, preincubation with 
RanQ69LGDP (Figure 7j) should result in RanQ69LGTP 
production, which would inhibit, not support, import. Sim- 
ilarly, import was efficient in reactions to which no exoge- 
nous Ran was added (Figure 7a-t) and preincubation of 
such cells with GMPPNP should convert any endogenous 
Ran into RanGMPPNP, an inhibitor of transportin-medi- 
ated import. Because preincubation with GMPPNP was 
without effect (Figure 7d), it is not possible that endoge- 
nous Ran was involved in the import seen.  
Discuss ion  
We have studicd the energy requirements for protein 
transport into and out of the nucleus. A novel in vitro 
system to study NES-dependent protein export from 
the nuclei of permeabilised cells mediated by 
CRM1/Exportinl has been developed. Export in this 
system is dependent on the addition of both the GTPase 
Ran and NTPs, although these requirements can be met 
using a mutant form of Ran, RanQ69L, which is not 
capable of GTP hydrolysis [35], together with NTP mix- 
tures that consist solely of non-hydrolysable analogues. 
Furthermore, we have also shown that translocation of 
import complexes consisting of transportin and an M9-con- 
taining protein through the NPC can also be reconstituted 
in permeabilised cells lacking detectable endogenous 
NTPs. Further treatments that should have reduced or 
abolished the activity of any remaining endogenous NTPs 
in the permeabilised cells, such as the additon of hexoki- 
nase and glucose or preincubation with mixtures of non- 
hydrolgsable GTP and ATP analogues, failed to inhibit 
this form of nuclear import. Taken together, these results 
indicate that the translocation through the NPC of the 
receptor-substrate complexes examined here is not 
dependent on Nq'P hydrolysis. It is difficult absolutely to 
rule out the existence of a small endogenous tore of 
NTPs in the nuclei of the permeabilised cclls. But, if it 
does exist, this store would have to be too small to be 
detectable, resistant to depletion by hexokinase and 
refractory to exchange upon the addition of much higher 
concentrations of non-hydrolysable analogues. We can cal- 
culate from the concentration of transportin-substrate 
complexes imported into the nucleus in the absence of 
Ran and GTP, assum!ng 3,000 NPCs per nucleus, that 
more than 100 translocation events per NPC occurred in 
the absence of hydrolysable NTPs. This result makcs the 
existence of an NPC energy store that supports import 
extremely unlikely. 
How can these results and the conclusion that trans- 
location through the NPC does not require NTP hydro- 
lysis be reconciled with previous data (for example, 
[18,19,66,67,69,71,72,74]; see [50,55] for reviews) which 
suggested that nucleocytoplasmic transport was an 
energy-dependent process and that at least nuclear 
protein import required GTP hydrolysis by Ran? We will 
divide the published evidence into three categories and 
discuss each in turn. 
The first type of evidence relies on uncoupling agents and 
either enzymatic or biochemical depletion that have been 
used to reduce NTP levels to a point at which nuclear 
import or export did not take place (for example, [67,69]). 
Because these treatments will lead to a depletion of GTP 
and thus to a deficiency of RanGTP, the transport block is 
readily explicable. For nuclear export, Ran bound to G'FP 
(or an analogue of GTP) is essential for productive sub- 
strate-receptor interaction [20,22,30,89]. Thus, no export 
will be seen when GTP is depleted. For nuclear import 
mediated by importin [3, nuclear RanGTP is essential for 
the final step of the process in which the import complex 
is disassembled and the receptor dissociates from the 
NPC [24,25]. If the interaction between importin [~ and 
RanGWP is prevented, the receptor stays attached to the 
pore, blocking any further receptor-mediated transport 
events [65]. Thus, depletion of GTP from intact cells or 
from in vitro import experiments in the presence of 
importin ~ would be expected to cause a dominant and 
general block to nuclear import and export. 
In the second type of study, looking at the effects on 
nuclear import of eithcr non-hydrolysable GTP analogues 
or the hydrolysis-deficient RanQ69L mutant [35], the 
results have generally been interprcted as indicating a 
requirement for Ran-mediated GTP hydrolysis for import 
[18,19,70,71]. A simpler explanation for these effects, 
however, stems from the observation that RanGWP binds 
to import receptors and causes any bound cargo to dissoci- 
ate ([21,24,25,28,29] and our results presented here). 
Thus, in any experimental condition that allows the accu- 
mulation of non-hydrolysable RanGTP complexes on the 
cytoplasmic side of the NPC, import receptor-substrate 
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complexes will be dissociated before translocation through 
the NPC can occur. 
Finally, further support for the previous conclusion that 
translocation through the NPC is an active, energy-depen- 
dent process came from reports that nucleocytoplasmic 
transport is inhibited at low temperature (4°C) [59,60,66]. 
This observation clearly indicates that transport does not 
occur by simple diffusion, but it does not necessarily 
mean that energy in the form of NTP hydrolysis is 
required. At least in the case of importin-mediated import, 
the 'docking' step of transport, in which the complex 
binds to the outer face of the NPC, is not temperature 
dependent [8,12,15,59,60,90,91]. Rather, the step blocked 
at low temperature is the translocation step. Given that 
the data presented here suggest that translocation through 
the NPC of transport complexes containing either trans- 
portin or CRM1/Exportinl occurs without hydrolysable 
NTPs, at least two possibilities to explain the effect of 
chilling can be proposed. The low temperature block may- 
be due to the inability to destabilise the NPC-docked 
complexes from one or more sites on the NPC with which 
they associate. Given that these interactions consist of 
binding between a transport receptor complex and one or 
more NPC components, or protein-protein i teractions, 
they are very likely to be more stable at 4°C. It is possible 
that this stability is sufficient o explain the inhibition of 
transport seen at low temperature. Alternatively, the 
opening of the NPC translocation channel involves a large 
conformational change that opens the channel to a 
maximal diameter of greater than 25 nm [58]; this confor- 
mational change could be inhibited at low temperature. 
Recycling of transport receptors does require NTP 
hydrolysis 
Both export complexes that arrive in the cytoplasm and 
import receptors after their recycling from the nucleus are 
very likely to be in the form of RanGTP complexes [21]. 
Recent studies of nuclear export in vivo [21,23] have 
demonstrated that depletion of nuclear RanGTP inhibited 
receptor-mediated nuclear export and that nuclear 
RanQ69L can substitute for RanGTP to allow export of 
many, but not all, substrates. These data suggested that 
GTP hydrolysis by Ran might not be required for nuclear 
export per se, although they did not address whether other 
NTP hydrolysis events would be required. Our results 
confirm and extend this observation: translocation of the 
two receptor-substrate complexes used in this study was 
not dependent on NTP hydrolysis, and a requirement for 
GTP hydrolysis by Ran for either export or import of the 
receptor-substratc complexes could be ruled out. 
A very important point about our data is that they were 
obtained using experimental conditions that were chosen 
to allow the analysis of 'single round' transport events. 
That is, neither import nor export receptors needed to be 
reused in order to see transport aking place. But for 
repeated rounds of import and export, the cell depends on 
the recycling of all transport factors. RanGTP-containing 
export complexes must be dissociated to allow for dissocia- 
tion of the export substrate and for subsequent reimport of 
the empty receptor. Similarly, RanG'l'P has to be removed 
from freshly recycled import receptors to allow binding of 
an import substrate and then import of the receptor-sub- 
strate complex. Dissociation of receptor-RanGTP com- 
plexes involves RanBPl or RanBP2 [22,27,37,87,92] and 
may, at least in some cases, require additional factors, 
given that dissociation of RanGTP from importin [3 occurs 
efficiently only in the presence of RanBPl and importin cz 
[37,92]. Ran and RanBPl or RanBP2 also have to be recy- 
cled because both re-import of RanGDP into the nucleus 
and the production of free RanBPl or RanBP2 to dissoci- 
ate export complexes i necessary for continued transport. 
Activation of the GTPasc activity of Ran by RanGAP1 
leads to the regeneration of RanGDP and free RanBPl or 
RanBP2. RanGAP1 therefore functions in the recycling of 
components needed for continued transport activity, and 
this is the step that maintains the asymmetric distribution 
of RanGDP and RanGTP which is essential for continued 
nucleocytoplasmic transport. The experimental conditions 
utilised here avoid the requirement for this recycling event 
and allow transport to occur without NTP hydrolysis, sug- 
gesting that cytoplasmic hydrolysis of GTP by Ran, under 
the influence of RanGAP1, may be the only energy-con- 
suming event in nucleocytoplasmic transport. Note that, 
because substrate accumulation against achemical concen- 
tration gradient is a common feature of nucleocytoplasmic 
transport [55], it is logically essential that there is at least 
one energy-dependent step in the process. 
Large translocation substrates 
The export complexes utilised here were by no means 
small. The substrate itself is roughly 133 kDa as a pen- 
tamer and it can interact with between one and five mole- 
cules each of CRM1/Exportinl (120 kDa) and RanGTP 
(25 kDa). It is dwarfed by some export substrates, 
however. For example, ribonucleoproteins (RNPs) as large 
as ribosomal subunits or the even larger 50 x l0 t' Da Bal- 
biani Ring RNPs [61,93,94] are exported relatively intact 
from the nucleus. Their export is accompanied by alter- 
ations in the NPC conformation, such that the transport 
channel diameter is opened to greater than 25 nra [58,61]. 
The Balbiani Ring RNPs are exported in the form of a 
ribbon of roughly 25 nm diameter and extend from the 
nucleoplasm, through the NPC and into the cytoplasm 
[61,93,94]. Thus, it is probable that multiple coordinated 
sequential contacts with the NPC will be required to 
export his type of RNP. It seems unlikely that this could 
occur without the generation of a directional force. It will 
be of interest o see whether there is any principle differ- 
ence in this type of nuclear export and the events tudied 
here. Insight into mRNA export is accumulating [54], 
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which should allow investigation of this question. The  
final interesting point raised by our observations is that 
the massive conformational changes in the NPC that arc 
thought to occur on gating, as deduced from the opening 
of the porc to a diameter of greater than 25 nm from the 
resting state, which may either be completely closed or a 
channel of 9 nm ([58] and references therein), must occur 
to at least some extent in the absence of NTP  hydrolysis. 
How this happens, and what these conformational changes 
consist of, will be a raatter for future study. 
Conclusions 
In contrast o prior expectations and predictions, our data 
show that the translocation of receptor-substratc com- 
plexes through the NPC is not an energy-dependent  
process. For the forms of transport studied, the energy 
required to concentrate substrates against a concentration 
gradient is therefore probably supplied in an indirect way: 
by GTP hydrolysis catalysed by Ran in the cytoplasm at 
the receptor-recycling stage of transport. Gating of the 
NPC, which appears to involve large conformational 
changes in its massive structure, therefore appears to occur 
without energy input. 
Materials and methods 
Recombinant protein expression 
The construction and expression of CRM1 [16], NES shuttling and 
M10 control substrates is described in Supplementary material pub- 
lished with this paper on the internet. The NTF2 protein [95] was a gift 
of Murray Stewart and the expression constructs for amino-terminally 
histidine-tagged Ran, RanQ69L, Schizosaccharomyces pombe Rnal p, 
RanBP1, zz-tagged transportin and nucleoplasmin core 
[17,22,25,45,96] were gifts of Dirk Gfrlich. 
Antibodies 
Antibodies against CRM1 and Ran were kind gifts from Maarten 
Fomerod and Rail Bischoff. The antibody against human nucleoporin 
p62 was from Transduction Laboratories. 
Fluorescence labelling 
The shuttling substrates were labelled with fluorescein NHS ester (Mol- 
ecular Probes). BSA-NLS or BSA-NLSrev [81] was labelled with 
either fluorescein or rhodamine NHS ester (Molecular Probes). 
Permeabilised ceil assays 
The basic methodology has been described [?0,77]. Transport reac- 
tions With Xenopus egg extracts contained 25% extract [?0] and an 
energy-regenerating system. All transport reactions were performed at 
20°C and contained 50 pg/ml rhodamine-labelled BSA-NLSrev as a 
control for nuclear integrity. Buffer exchange during transport reactions 
was achieved by careful pipetting after letting the permeabilised ceils 
settle during a 15 min import reaction. Depletion of residual NTPs was 
achieved using 20 U/ml hexokinase (type III from yeast; Sigma), 1 mM 
glucose and 20 pM ADP. 
Image analysis 
A dedicated automatic program was adapted to quantify the intensity 
of fluorescence staining [97,98]. Signals within the nucleoplasm or at 
the nuclear rim were added together to calculate the nuclear signal. 
Thin-layer chromatography 
NTP hydrolysis in transport reactions was analysed by thin-layer chro- 
matography, as previously described [71]. 
Supplementary material 
Additional methodological details are published with this paper on 
the internet. 
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